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In the density distribution of a deformed target-nuleus, the spherial λ = 0 and the
deformed λ = 2 parts were onsidered. On this basis, the orresponding potential parts
U0 and U
(2)
int of a double -folding mirosopi nuleus-nuleus optial potential are obtained.
Then, for these potentials and by using the oupled-hannel tehnique (ECIS), the elasti
and inelasti amplitudes are alulated for
17O heavy ion sattering on 2+ olletive exited
state of various target nulei. Besides, the same ross-setions are alulated in the frame
of an adiabati approah of the eikonal approximation, where the inelasti amplitude is the
linear funtion of U
(2)
int . Both the obtained results are ompared with the experimental data,
and also disuss their eieny in prediting the deformation parameters of nulei.
Keywords: heavy-ion mirosopi optial potential, elasti and inelasti sattering theory,
double folding model, high-energy approximation, ECIS ode
1 Introdution
In general, it is well known the standard approahes for the alulation of the inelasti
sattering of nuleons from nulei aompanied with exitation of olletive states [1℄. For this
purpose, one needs a transition interating potential Uint(r) whih inludes both the Coulomb
and nulear parts. The Coulomb part is obtained by using the standard method of multi-
pole expansion, while the nulear part an be gained by an expansion of an optial potential
within the deformation addition to the nulear radius δR(rˆ) suh that to verify the relation,
U(R + δR, r) = U(R, r) + Uint(r). At small deformations we have,Uint = (dU(r)/dR)δR(rˆ).
Further, the alulation of the inelasti sattering amplitude an be fullled either in the
linear approximation of Uint, or by using the oupled hannel method where all orders of
Uint are inluded. In the investigation of nuleon-nuleus sattering, it is natural to onsider
that the radius parameter R and the deformation are the same for the target nuleus and
for the sattering potential. Therefore, the deformation parameter of the potential obtained
by tting with the experimental data is onluded to be the deformation of the nuleus
itself. In priniple, same presriptions are used in alulation of inelasti sattering of heavy
ions. However, in so doing one should take into aount some spei onsiderations of suh
task. First, in ase of nuleus-nuleus sattering the deformation parameter of the potential,
generally speaking, does not oinide with that of any single nuleus of these nulei. Seond,
due to the harge multipliation of nulei Z1Z2e
2
, the Coulomb eld beomes rather strong
whih demands to inlude the high orders of the transition Coulomb potential. Third, with
the inrease of the ollision energy the usual standard methods suer from diulties, due
to the huge number of partial waves, whih will aet the preservation of the neessary
auray. These diulties an be overome by using the eikonal method of the high energy
approximation (HEA), whih have been applied by us before on analysis of both elasti
1
[2,3℄ and inelasti [4,5℄ sattering of nulei and proved itself as an eetive method. The
nulear potential, as said above, was onstruted in the form of a derivative of some funtion
either phenomenologial as Woods-Saxon type [4℄, or in the form of a mirosopial folding
potential of elasti sattering [5℄. Thus, the reeived value for the deformation parameter after
the omparison with experimental data keeps the harater of the nuleus-nuleus potential
itself. In Se. 2 we onstrut the mirosopial transition-density of one the target nuleus,
and then the orresponding transition potential, and thus the nuleus deformation is used as
a tting parameter when ompared with experimental data. Further, in Se. 3 on the basis
of this transition potential we alulate the nuleus-nuleus inelasti ross setion using the
ode ECIS for numerial solution of the oupled hannel equations as well as the adiabati
approah in the HEA model whih deals with an analyti expression for inelasti sattering
amplitude. In Se. 4 a disussion is arried out of results and the possibility to use the heavy
ion beams for obtaining information on the struture of olliding nulei.
2 Folding Model of Transition Potential
When onstruting the transition mirosopi potential we study the exitation of the target
nuleus "2". It is onsidered that the density distribution funtion ρ2(r2) inludes dependene
on the olletive oordinates of the nuleus αλµ, whih haraterize oherent deformation of
the radius r2. In the ase of quadrupole deformation (λ = 2), the deviation from its spherial
form ρ2(r2) an be desribed by hanging the spherial oordinate r2 by the oordinate r2
on the surfae of an ellipsoid [1℄,
r2 ⇒ r2 = r2 + δr2, (1)
δr2 = −r2
∑
µ=0,±2
α2λ Y2λ(rˆ2), α2λ = βD
(2)∗
µ0 (Θi), (2)
where rˆ2 is the angular oordinates of r2 in .m system of olliding nulei. Here, we onsider
the rotation model of the nuleus and use as olletive oordinates the Euler rotation angles
Θi, while β is the orresponding deformation parameters. At β ≪ 1 we keep only the linear
terms in the density expansion in δr2, so that
ρ2(r2)⇒ ρ2(r2) + o2(r2), (3)
o2(r2) = o
(2)
2 (r2)
∑
µ=0,±2
α2µY2µ(rˆ2), o
(2)
2 (r2) = −r2
dρ2(r2)
dr2
, (4)
where o
(2)
2 (r2) denes the transition density form
1
. Inserting the density given in (3) in the
formulae for diret and exhange parts of the folding potential (see e.g. [3℄,[5℄), the rst term
ρ2(r2) leads to an expression for the entral part of the potential, while the seond one o2(r2)
expresses the quadrupole transition potential as follows,
2
Vint(r) = V
D
int(r) + V
EX
int (r), (5)
1
From a series of papers one applies the model with a deformation term δr2 = −R2
∑
α2λY2λ(rˆ2), whih
leads to o
(2)
2 (r2) = −R2dρ2(r2)/dr2. Here R2 is onsidered as the radius of the nuleus, although there is no
aurate denition for it. Due to this hoie o
(2)
2 (r2) usually does not t the deformation parameter, but the
"deformation length"δ2 = βR2 without fatorizing separate multipliers.
2
In the folding potential one usually introdues the fator F (ρ1 + ρ2) to orret dependene of nuleon-
nuleon fores on the density of nulei in their overlap region. We also onsider this fator in the entral
part of the potential, but do not inlude it in the transition potential (5) beause of the not so lear of its
physial interpretation in the ase of inelasti sattering.
2
where,
V Dint(r) = Cg(E)
∑
µ=0,±2
α2µ
∫
ρ1(r1)o
(2)
2 (r2) v
D
00(s) Y2µ(rˆ2) d
3r1d
3r2, (6)
V EXint (r) = Cg(E)4pi
∑
µ=0,±2
α2µ
∫
∞
0
G(2)(r, s)vEX00 (s) j0(K(r)s/M) s
2ds, (7)
G(2)(r, s) =
∫
ρ1(|u− r|)jˆ1(kF1(|u− r|) · s)o(2)2 (u)Y2µ(uˆ) jˆ1(kF2(u) · s)d3u. (8)
Here jn(x) is the spherial Bessel funtion, the funtion jˆ1(x) = (3/x
3)(sin x− x cosx), à kF
is the Fermi momentum of a nuleon in the nuleus, and K(r) = [(2mM/~2)(Ecm − V (r)−
VC(r))] is the loal momentum of relative motion whih depends on the entral part of the
elasti sattering potential alulated separately. In momentum representation the integrals
(6), (8) transform to integrals of one dimensional form (see e.g. [6℄), and the nal expression
for the transition density an be given in the form
Vint(r) = V
(2)
int (r)
∑
µ=0,±2
α2µ Y2µ(rˆ), (9)
V
(2)
int (r) = V
D(2)
int (r) + V
EX(2)
int (r), (10)
where
V
D(2)
int (r) = Cg(E)
1
2pi2
∫
∞
0
ρ1(q)o
(2)
2 (q) v
D
00(q) j2(qr) q
2dq, (11)
V
EX (2)
int (r) = 4pi C g(E)
∫
∞
0
G(2)(r, s) vEX00 (s) j0(K(r)s/M) s
2ds, (12)
G(2)(r, s) =
∫
∞
0
h1(q, s)h
(2)
2 (q, s) j2(qr) q
2dq, (13)
h1(q, s) = 4pi
∫
∞
0
ρ1(r) jˆ1(kF,1(r) · s)j0(qr) r2dr, (14)
h
(2)
2 (q, s) = 4pi
∫
∞
0
o
(2)
2 (x) jˆ1
(
kF,2(x) · s
)
j2(qx) x
2dx, (15)
The Fourier transform funtions without/with upper index "2"are dened as follows,
ρ(q) = 4pi
∫
∞
0
f(r)j0(qr)r
2dr, f
(2)
2 (q) = 4pi
∫
∞
0
f
(2)
2 (r)j2(qr)r
2dr, (16)
3 Inelasti Sattering Cross Setions Calulations
On the basis of the above formulae we alulate mirosopial transition potentials and then
use them to get the ross setions of inelasti sattering for dierent nulei. It is neessary
that the entral part of the optial potential to be known whih will explain the experimental
data of elasti sattering for the same olliding nulei at the same olliding energy in the
inelasti sattering hannel. Calulations were performed in both ases, rst by using ECIS
numerial ode for oupled hannels [7℄ as well as in the adiabati approah in HEA [4,5℄. In
HEA approah it is supposed an adiabati proess when the veloity of an internal nulear
motion is muh smaller than the relative motion veloity of the nuleus as a whole. Then the
3
proess an be onsidered as if a sattering from "frozen"nuleus with xed olletive motion
oordinates {αλµ}. The use of HEA in this ase means the alulation of eikonal amplitude
fel of elasti sattering, where the potential has entral and quadrupole parts and depends
on {αλµ}. The inelasti sattering amplitude is onstruted in the form of a transition matrix
element from initial |00〉 to nal (exited) state of the nuleus 〈IM | where the operator is
the elasti sattering amplitude,
fin(q) = 〈IM |fel(q, {αλµ})|00〉 (17)
Usually in this approah there is inherent approximation when the part of the eikonal phase,
χint = −(1/~v)
∫
Vintdz, dened through the transition potential, is onsidered of small
value and then the orresponding part of the eikonal exp(iχint) an be expanded in a series
and limit ourselves to the linear terms of Vint. Then using (9)the amplitude (17) an be
fatorized to reveal a struture fator Fλµ = 〈IM |αλµ|00〉. In this ase, for a given λ, the
angular distribution does not depend on the olletive nature of the exited state, beause
the struture fator aets only the absolute value of the ross setion. As is known from
the nuleus rotational model, the transition struture fator 0
+ →2+ is equal to F rot2,µ =
β(1/
√
5)δM,µ whih reets that the absolute value of the ross setion depends only on
the deformation parameter β. All the related details of formulae an be nd in [4,5℄. The
alulation proedure has two steps. First, a mirosopi alulation for both of the real V
and the imaginary W parts of the entral optial potential is arried out to ompute the
elasti sattering ross setions. This latter is made with the help of ode ECIS [7℄ and also
using the HEA model the dierential ross setions, and then they are ompared with the
experimental data. During the tting proess a variation will be done for evaluating the
strength parameters Nr and Nim whih dene ontributions of the real V and the imaginary
W parts into mirosopi optial potentials. As a result we denote optial potentials, in the
elasti hannel as follows,
Uopt(r) = NrV (r) + iNimW (r). (18)
The elasti sattering of
17
O nuleus from
60
Ni,
90
Zr,
120
Sn and
208
Pb nulei at energy
Elab=1435 MeV was studied previously by us [5℄ using orresponding potentials in HEA
ase and results were ompared with experimental data given in Ref [8℄. Similar alulations
by using ECIS ode are given in [9℄. The real parts of these miro-potentials are alulated
using the double folding model whih inludes an exhange term with the eetive nuleon-
nuleon Paris potential in the form of the CDM3Y6 dependene on density [6℄(see also [5℄).
As to the imaginary part WH , it was alulated rst in the frame of mirosopi approah,
given in details in Ref [3℄, on the basis of the Glauber and Sitenko multiple sattering theory
[10,11℄. In addition, in [3℄ it was used for the imaginary part, as another version, the form of
the double folding real part V DF . It was lear from all these dierent types of alulations,
that by tting the strength parameters Nr and Nim one an get the respetive ross setions
in a good agreement with the experimental data. However, in our present onsideration we
prefer to apply to the double folding transition potential Vint as the sample for the imaginary
potential when tting the normalizing strength parameters Nr and Nim. So in the following
we use the mirosopi transition potential in the form,
Uint(r) = NrVint(r) + iNimVint(r), (19)
where Vint potential is alulated by using Eqs.(9)-(15). In Fig. 1 it is shown the radial
dependene of the transition potentials NrV
(2)
int , and also the entral potentials of elasti
4
0 5 10 15 20
−50
 50
150
250
r, fm
−
N
rV
D
F ,
 
−
N
rV
(2) int
,
 
M
eV
17O+60Ni
0 5 10 15 20
  0
100
200
300
r, fm
−
N
rV
D
F ,
 
−
N
rV
(2) int
,
 
M
eV
17O+90Zr
0 5 10 15 20
 50
150
250
350
r, fm
−
N
rV
D
F ,
 
−
N
rV
(2) int
,
 
M
eV
17O+120Sn
0 5 10 15 20
  0
   
200
   
400
r, fm
−
N
rV
D
F ,
 
−
N
rV
(2) int
,
 
M
eV
17O+208Pb
Fig. 1. Real part of potentials NrV
DF (r) of elasti (dashed lines) and NrV
(2)
int (r) of inelasti
(solid lines) nuleus-nuleus interation, for the sattering of heavy ions
17O from dierent
target nulei at El = 1435 MEV( see text).
sattering NrV
DF
. In onern of the transition Coulomb potentials, they were alulated as
usual for the interation of a harge Z1e with the eld of uniformly distributed harge Z2e
in ellipsoid volume with radius Rc (1 +
∑
α2µY2µ(rˆ)), where Rc = 1.2
(
A
1/3
1 + A
1/3
2
)
fm. The
orresponding relations for entral and quadrupole transition Coulomb potentials and also
for the eikonal phases are given in [4℄.
4 Comparison with Experimental Data, Disussion, and
Conlusions
In Fig. 2 it is shown the theoretial alulations for the dierential ross setions of inelasti
sattering using the ode ECIS (solid lines) and HEA (dotted lines). The elasti sattering
potential therewith is alulated, as said above, by tting the strength parameters Nr and
Nim to the experimental data without oupling between the elasti and inelasti hannels.
Next step is alulations of inelasti sattering by tting only the deformation parameter β for
the target nuleus. It is to be noted that when using the ECIS ode for inelasti sattering the
oupling of elasti and inelasti hannels was involved through the transition potential, and
5
Fig. 2. Inelasti dierential ross setion, alulated by using oupled hannels method (solid
lines) and HEA method(dashed lines) for interation of nuleus
17O with target nulei at
1435 MeV with exitation of transitions 0+ → 2+. Experimental data from [8℄.
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Table. Renormalizing Parameters Nr, Nim, Coulomb Deformation β
(c)
and
β(n), and Nulear Transition Potentials Parameters
Parameters
17
O+
60
Ni
17
O+
90
Zr
17
O+
120
Sn
17
O+
208
Pb
Renormalizing Nr 0.6 0.6 0.5 0.5
oeients Nim 0.6 0.5 0.5 0.8
Coulomb deformation β(c) 0.2067 0.091 0.1075 0.0544
nulear deformation (ECIS) β(n) 0.2541 0.071 0.1063 0.078∗
nulear deformation (HEA) β(n) 0.4 0.14 0.25 0.12
∗
For the imaginary part value of the transition density β
(n)
im = 0.0222
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Fig. 3. Transition potentials (radial part) for inelasti sattering of heavy ions
17O from nulei
60
Ni and
90
Zr at 1435 MeV. Mirosopi alulationsNrV
(2)
int (r)  solid lines. Semi-mirosopi
model : V DF−Iint (r) (dashed) and V
DF−II
int (r) (dash dotted) (see text).
its ontribution was taken in all orders of perturbation theory. This ontribution is dened
by the deformation parameter in the density distribution funtion β(n) of the target nuleus
and by the deformation β(c) of the unied harge density distribution in a sphere with radius
as the sum of radii of olliding nulei. In general, this parameter must not oinide with the
deformation parameter of the harge distribution of the target nuleus. Nevertheless, we get
the value of β(c) from the data of eletri transition probabilities to 2+ level for dierent target
nulei as given in Ref.[8℄. These values are done in the relevant Table. The seond parameter
β(n) was tted to the experimental data of inelasti sattering. As to the HEA alulations of
ross setions, these parameters are involved as the linear terms of the transition potentials
in the inelasti sattering amplitude. We notie from Fig. 2 that in both ases one gets
reasonable good agreement with experimental data, exept at the small sattering angles
in the HEA alulations. The reeived results for the deformation parameters β(n) in the
two methods dier in 1.5 - 2 times from eah others. In all ases exept the sattering on
208
Pb nuleus in ECIS alulations, the β(n) parameters for real and imaginary parts of the
transition potentials are equal. As an exeptional ase we were obliged to perform t with
7
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Fig. 4. The ratio of elasti dierential ross setions to the Rutherford ones for sattering of
heavy ions
17
O on nulei
60
Ni and
90
Zr at 1435 MeV without oupled hannel eets 0+ → 2+
(solid lines) and with this eet (dashed lines). Experimental data from [8℄.
dierent deformation parameters for both of the real and imaginary parts of the transition
potentials and we reeived the following values β
(n)
r =0.078 and β
(n)
im=0.0222. However, it is
oneivable that this result an be hanged in ase if one hanges the transition density
o
(2)
2 from the form r2 (dρ2(r2)/dr2) to the form R2 (dρ2(r2)/dr2), where R2 is the radius of
the target nuleus. In fat, this leads to enlarge the ontribution of the Coulomb transition
potential in the peripheral region, and therefore one does not enhanes the nulear part
of the amplitude at the sarie of the imaginary part of the transition nulear potential.
This is shown in Fig. 3 where it is given three transition potentials, two of them (dashed
and dotted dashed) orrespond to the transition potentials onstruted from derivatives of
the mirosopi potentials of elasti sattering in the forms V DF−Iint = Nr r
(
dV DF (r)/dr
)
and V DF−IIint = Nr R
(
dV DF (r)/dr
)
, where R = rm is the radius at the maximum point of
the funtion V DF−Iint . In the peripheral area, the seond transition potential ours lower in
omparison with the rst one, giving the advantage to the Coulomb transition potential
ontent, whih illustrates the above mentioned omments. The third solid urve is our
mirosopi potential NrV
(2)
int and we see the dierene in its behavior in omparison with
the other two potentials onstruted on the basis of semi-mirosopi approah where the
transition potentials are onstruted as the derivatives of elasti sattering potentials.
In onlusion, we denote that it was better to dene simultaneously all the three parameters
Nr, Nim, and β
(n)
in the proess of tting for getting the ross setions of elasti and inelasti
sattering, in plae of dividing the problem into two steps, the rst to get the strength
parameters Nr and Nim in the elasti hannel and then the β
(n)
parameter in the inelasti
hannel. As an example, in Fig. 4 the solid lines show the dierential ross setions of elasti
8
sattering when the miro-potentials the Nr and Nim parameters are from the Table while
the dashed line shows the ross setion when we use the same potentials and simultaneously
takes into aount the eet on elasti sattering of the inelasti hannel in the ECIS ode.
The eet of inelasti hannel does not give, in priniple, an observable hange of the angular
distribution in elasti ross setions. In view of the above study it an be seen, in general,
the ways of the further study of mehanisms of nuleus-nuleus inelasti sattering to reeive
more aurate data about the deformation parameters and also on the transition struture
matrix elements.
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